Physical immobilization of ionic liquids (ILs) in solid materials appears as an interesting strategy for the development of new sorbents for CO 2 separation from natural gas. In this work the effect of physical immobilization of two ionic liquids with different anions (bmim [Cl] and bmim[OAc]) on two mesoporous supports (commercial silica SBA-15 and silica extracted from rice husk) was evaluated for CO 2 separation from natural gas by experimental determination of CO 2 sorption, CO 2 /CH 4 selectivity and sorption kinetics. Results showed that the pure supports present the greatest CO 2 sorption capacity when compared to immobilized ILs. However, CO 2 removal efficiency improves considerably in the CO 2 /CH 4 mixture when ILs are immobilized in these supports. The best selectivity results were obtained for supports immobilized with the IL bmim [Cl] and values increased for SIL-Cl by 37% and SBA-Cl 51% when compared with their respective supports. The contribution of SIL-Cl (3.03 AE 0.12) to separation performance (CO 2 /CH 4 ) is similar to SBA-Cl (3.29 AE 0.39). ILs supported also presented fast sorption kinetics when compared to pure ILs thus being an interesting alternative in the search for highly efficient and lowcost separation processes.
Introduction
Natural gas (NG) is the fastest growing energy source being used nowadays and likely to grow for the next 20 years (Kang et al., 2017) . Natural gas, an abundant and cleaner energy source is an alternative to oil and coal (Campos et al., 2017) . Crude natural gas is mainly composed of methane presenting impurities (CO 2 , H 2 O, H 2 S, etc) that must be removed to ensure process and transport specifications (Kang et al., 2017; Rufford et al., 2012; Song et al., 2017) . Carbon dioxide is considered the main greenhouse gas (Jedli et al., 2018) . Nowadays CO 2 concentration in atmosphere has increased by 40% when compared to pre-industrial era (IPCC, 2014; Mizuta et al., 2017) . CO 2 removal is essential to prevent pipes and equipment corrosion in the presence of moisture and reduce transport cost (Kang et al., 2017; Song et al., 2017) . Alkaloamines aqueous solutions is the most widely used technique for separating CO 2 from natural gas (Pino et al., 2016; Pongstabodee et al., 2016) . However, it presents some drawbacks such as high cost for requiring large equipment and high energy to regenerate, chemical and oxidative degradation by the reaction with impurities, in addition to producing corrosive products Kothandaraman et al., 2009; Thouchprasitchai et al., 2017; Ünveren et al., 2017) . Ionic liquids (ILs) have aroused interest as substituents for conventional solvents, mainly due to the good selectivity towards CO 2 when compared with other gases. Yet, ILs are more versatile and less harmful to the environment than conventional organic solvents (Almantariotis et al., 2017; Anthony et al., 2002; Bara et al., 2009; Hanamertani et al., 2018 Hanamertani et al., , 2017 Hasib-ur-Rahman et al., 2010) . ILs also present disadvantages such as high cost and viscosity, and low mass transfer in sorption process when compared to usual solvents (Safiah et al., 2014) . In order to solve these problems, sorbent (e.g., amines, ionic liquids) immobilization in porous supports is an interesting alternative in CO 2 adsorption processes. Immobilization process can be performed by different routes: chemical or physical (Huang et al., 2017a; Peng et al., 2018) . Impregnation process is carried out without chemical bonds formation and depends on sorbent affinity with the support surface. The anchorage and the sol-gel techniques are chemical immobilizations. In both cases, the contact between sorbent and support occurs through chemical bonding (Haber et al., 1995; M€ aki-Arvela et al., 2006; Mehnert et al., 2002; Zhu et al., 2018) .
Recent works with amine-impregnated adsorbents showed a potential for CO 2 capture (Huang et al., 2017a Liu et al., 2017; Peng et al., 2018) , but also presented intrinsic shortcomings such as solvent loss (due to high volatility), degradation and amine toxicity (Mohamedali et al., 2019) . Literature describes the use of sorbents and support-immobilized ILs for CO 2 separation of gas streams from combustion gases and natural gas purification (Nanda et al., 2016; Sayari et al., 2011; Ünveren et al., 2017) . Mesoporous silica, such as SBA-15, presents interesting properties for CO 2 separation as high pore volume and diameter, surface area and thermal stability (Guillet-Nicolas et al., 2017; Jahandar Lashaki et al., 2017; Jahandar Lashaki and Sayari, 2018; Selvakannan et al., 2013; Vilarrasa-Garcia et al., 2015 (Aquino et al., 2015) . Zhu et al. (2018) reported that the physical immobilization method of ILs on silica provided a greater selectivity when compared to pure silica and the IL immobilized by the anchorage method. Arellano et al. (2016) described that sorption kinetics of zinc-functionalized IL immobilized in SBA-15 support improved due to the increasing of available active sites. Silica obtained from residues of rice milling also appears as potential materials for CO 2 capture representing both an environmental and lowcost option (Bhagiyalakshmi et al., 2010; Duczinski et al., 2018; Jang et al., 2009 ). We reported (Duczinski et al., 2018 ) that sorption capacity of immobilized samples by anchoring technic is lower than pure silica, whereas the CO 2 /CH 4 selectivity increases 1.22 times for the sample with 10 wt. % immobilized IL. Moya et al. (2016) used wet impregnation method to encapsulate IL in aluminum silicates. The method ensured good distribution and pore filling of IL in the material. In this sense, the immobilization of ionic liquids in solid supports combines the advantages of ionic liquids with the characteristics of the porous supports.
In this work, we experimentally evaluated the main issues related to impregnation technique. The best combination among support and ionic liquid for CO 2 separation from natural gas were determined using the wet impregnation method. Parameters such as CO 2 sorption capacity, CO 2 / CH 4 selectivity and sorption kinetics were evaluated using two ionic liquids with different anions ([Cl] -and [OAc] -) and two types of mesoporous silica (commercial silica SBA-15 and rice husk extracted silica). (1-butyl-3-methylimidazolium acetate) were synthesized as described elsewhere (Jain et al., 2005; Kiefer et al., 2008; Liu et al., 2011; Welton, 1999 
Experimental

Materials
Silica extraction from rice husk
Rice husk silica extraction was performed by acid hydrolysis (Bakar et al., 2016; Duczinski et al., 2018) . First, rice husk was washed with distilled water to remove impurities and then mixed with 10% hydrochloric acid solution in the weight ratio of 1:9 (rice husk/solution) and kept for 2 hours in an autoclave at 125 C. The autoclave content was washed with water to reach neutral pH and dried for 24 hours in an oven at 100 C. After, the hydrolyzed rice husk was calcined in a muffle at 550 C for 2h and silica obtained. The product was characterized by Fourier Transform Infrared (FTIR) spectroscopy by Perkin Elmer Spectrum 100 FTIR spectrophotometer with UATR. Four adsorption peaks appeared: two small peaks at 3357 cm À1 and 1634 cm À1 (attributed to the O-H elongation and vibration bending of adsorbed water) and two intense peaks corresponding to silica at 1051 and 798 cm À1 (Si-O-Si elongation and flexural vibrations).
ILs physical immobilization
Ionic liquids [bmim][Cl] and [bmim]
[OAc] immobilization on rice husk silica (SIL) and in commercial silica (SBA-15) was carried out by wet method (Haber et al., 1995) . IL (10% in weight relative to silica) was dissolved in a small amount of dichloromethane (solvent) and added dropwise to the dried support. The homogenization was carried out manually using a pistil. After impregnation the solvent was removed in an oven at 120 C for 1 hour (see Fig. 1 ).
CO 2 sorption and sorption Kinects tests
CO 2 solubility in porous supports was statically evaluated through pressure decay method in an equilibrium cell (Koros and Paul, 1976) . The system consists of a double compartment cell (sample and gas tank). The tests were performed in triplicate. Initially, each sample (0.6-1.0 g) was oven dried at 65 C for at least 2h to eliminate moisture. The sample was introduced into the sample compartment and CO 2 pressurized into the gas compartment. When the system reaches the desired temperature, the gas compartment is opened and CO 2 contacts the sample for the required time to achieve thermodynamic equilibrium. The amount of CO 2 adsorbed by the samples was calculated as described in literature (Bernard et al., 2017) . Tests were carried out with pressure ranging from 0.06 to 1.5 MPa and temperatures of 25-45 C. The solid sorption kinetics were evaluated by measuring the adsorbed amount over time. Recycle tests were performed by repeating the sorption/desorption cycles ten times at 0.4 MPa with desorption carried out after each cycle by heating the sample in an oven at 65 C. The kinetics assays for pure ionic liquids were performed in a constant volume equilibrium cell with sapphire windows and the calculations performed by the isochoric saturation method (Jacquemin et al., 2006) . The kinetics tests were performed under the same conditions as for the solids under constant stirring at 500 rpm.
CO 2 /CH 4 separation -selectivity tests
Selectivity tests were performed using the same method described for CO 2 adsorption tests. The introduced gas into the gas compartment was a binary mixture of CO 2 /CH 4 (35 mol % of CO 2 and CH 4 balance). Experiments were performed at 25 C and equilibrium pressure of 2 MPa.
The efficiency of the carbon dioxide separation was evaluated by CO 2 selectivity over CH 4 and calculated from the mole fractions in the gas phase (Y i ) and in the adsorbed phase (X i ), as shown in Eq. (1):
The adsorbed molar fractions phase were calculated as described in detail by Azimi and Mirzaei (2016) , referred to the non-adsorbed phase data obtained by gas chromatography using a thermal conductivity detector (GC-2014ATFSPL Shimadzu).
Samples characterization
The porous sample nature was investigated by N 2 adsorptiondesorption technique and specific surface area was calculated using Brunauer -Emmett-Teller method (BET). Morphology was evaluated by scanning electron microscopy with field emission (SEM-FEG) using FEI Inspect F50 in the secondary electron mode (SE). Chemical composition was evaluated by energy dispersion X-ray spectrometry (EDS). For this purpose, samples were covered with a thin layer of gold. X-ray diffraction pattern (XRD) was recorded on Shimadzu XRD-700 equipment using Cu Kα radiation, voltage of 40 kV, 30 mA (1.5418 Å) ranging from 2 to 70 with scanning speed of 4 /min. Samples thermal stability and the immobilized ionic liquid actual content were evaluated by TGA/DTG (TA Instruments SDT-Q600), under nitrogen atmosphere within the range from 25 to 800 C and heating rate of 20 C/min. All analyses were conducted in triplicate. The IL loading in silica support (denoted as IL%) was calculated from the TGA curve using the following Eq. (2):
Where, W 150 and W 800 are sample weight (g) at 150 C and 800 C, respectively. ILs immobilization resulted in specific surface area and pore volume values reduction up to 50% for SBA samples. These results evidenced that the porous materials surface was covered with IL. Yet, pores were probably filled, as already reported (Aquino et al., 2015; Arellano et al., 2016; Nkinahamira et al., 2017; Safiah et al., 2014) . For SIL samples a small reduction was observed. Fig. 2 shows pore distribution evidencing that after ILs immobilization the SBA samples decreased pore radius suggesting the IL immobilization occurred in SBA channels (Zou et al., 2010) . Unlike the SBA, SIL samples showed similar pore radius distribution after IL immobilization. This behavior evidences the influence of textural properties of supports in IL organization after immobilization process.
Results and discussion
Textural properties
Thermogravimetric analysis
IL immobilized amount in the supports was estimated by TGA ( Fig. 3 : Fig. 3a corresponding to SIL and ILs immobilized in SIL, Fig. 3b corresponds to SBA and ILs immobilized in SBA and Fig. 3c the pure ionic liquids). The mass loss observed up to 150 C corresponds to water loss. Silica extracted from rice husk (SIL) micrographs (Fig. 4a ) exhibited spherical/semi-spherical particle agglomerates in certain regions (Jung et al., 2013; Sankar et al., 2016) . This behavior is also observed in samples with immobilized IL (Fig. 4b and c) . Commercial silica SBA micrographs (Fig. 4d) evidenced the existence of macro-structures similar to grains with a pore length of 1339 μm (Cheng et al., 2018; Kalita and Kumar, 2011; Sawant et al., 2005) . After ILs immobilization samples SBA-Cl (Fig. 4e) and SBA-OAc (Fig. 4f) showed a similar particle morphology with pore length close to the support (1331 μm and 1344 μm, respectively). The similar behavior presented before and after ILs immobilization in both supports reflects stabilized support macroscopic structure (Kalita and Kumar, 2011) . EDS analysis was used to confirm the ILs immobilization by the presence of the chemical compounds corresponding to each sample (support and ILs) (Cheng et al., 2018) . The presence of gold in all spectra corresponds to the metallization required to perform the analysis. For supports as shown in 
XRD analysis
XRD sample patterns are shown in Fig. 5 (5a shows the SIL samples and 5b SBA samples). The supports are completely amorphous as indicated by the diffractograms and the appearance of a slight peak at 2θ % 22 , typical of amorphous silica (Bakar et al., 2016; Barros et al., 2013) .
After ILs immobilization, materials showed XRD patterns similar to the supports indicating that the support structure was preserved (Xie et al., 2015) .
3.5. CO 2 sorption tests Fig. 6 shows sorption values for supports as well as for ILs supported in both SIL and SBA. Sorption tests were performed at 25 C and 0.4 MPa of equilibrium pressure. It is possible to observe that the silica supports (SIL and SBA) have a high CO 2 sorption capacity (73.8 mg CO 2 /g and 125.8 mg CO 2 /g, respectively). Sorption values are lower after IL immobilization due to IL surface recovering, decreasing specific surface area and pore volume after immobilization (Duczinski et al., 2018; Ren et al., 2012) . Comparing the two supports, one can see that the commercial silica SBA shows greater sorption capacities. This behavior is probably associated to larger specific surface area and pore volume when compared to SIL sample (Zhu et al., 2014) as presented in Table 1 . The drawback of this support is the high cost (5g U$D 139.00-Sigma-Aldrich) thus discouraging its use. Fig. 7 These results suggest that the nature of anion has a large effect on gas solubility as reported in literature (Anthony et al., 2005 with the imidazolium ring cation forming carboxylate thus increasing CO 2 absorption capacity (Chen et al., 2011; Moya et al., 2016; Zareiekordshouli et al., 2018; Ziobrowski et al., 2016) . Table 2 presents a comparison among literature results for CO 2 sorption capacity and results obtained in this work. As we can see the result obtained with SIL-extracted from rice husk is similar to commercial zeolites and superior when compared to synthesized MCM-48 and commercial MCM-41 in similar pressure and temperature conditions. These results demonstrated that the IL immobilization in silica support obtained from agriculture waste appears as an alternative option for CO 2 separation process.
Kinects tests
Regarding the kinetic behavior, Fig. 8 shows a comparison of the CO 2 sorption time at 25 C and 0.4 MPa for solid supports as well as for the ILs immobilized in the supports (Fig. 8a) . Fig. 8 (8b and represents a function of q/qe vs t, where q corresponds to the quantity of CO 2 absorbed at time t; qe, the amount of CO 2 corresponding to saturation; and t, the time required to saturate. Table 3 summarizes the values corresponding to t 0.9 , ie, the time at which 90% of the CO 2 sorption capacity is reached. Ionic liquids physical immobilization drastically improves CO 2 sorption kinetics as compared with ILs. The time to reach 90% of the sorption capacity has dropped from approximately 2 hours to a maximum of 5 minutes. This behavior is associated with ILs high viscosity difficulting mass transfer. When ILs are immobilized in a solid support an increase of gas-liquid contact area is reached, improving kinetic to supported materials as previously reported (Aboudi and Vafaeezadeh, 2015; Moya et al., 2016; Safiah et al., 2014; Yang and Wang, 2015) . The same behavior was evidenced for 1-Butyl-methylimidazolium acetate encapsulated in a solid material. The encapsulation increased the CO 2 sorption rate from 20h ([bmim] [OAc]) to less than 20 min at 1 bar and 303 K (Moya et al., 2016) .
CO 2 /CH 4 selectivity
As depicted in Fig. 9 CO 2 /CH 4 separation selectivity is improved with ILs immobilization when compared to SIL and SBA supports. ILs shows more affinity for CO 2 when compared to other gases such as CH 4 and N 2 Heliyon 5 (2019) e02183 (Anthony et al., 2005) . Acidic hydrogen from imidazolium ring exhibit affinity to CO 2 and does not exhibit any affinity to CH 4 thus improving selectivity (Duczinski et al., 2018 ). Yet, ILs polar nature, mainly associated with the imidazolium cation, improves selectivity (Hojniak et al., 2014; Salehi and Anbia, 2017 (Aquino et al., 2015) . The good result obtained with SIL-Cl must be highlighted once imidazolium chloride is a precursor for acetate ILs (Aquino et al., 2015; Duczinski et al., 2018) . Compare imidazolium Cl price (5g U$D 54.1, SigmaAldrich) with imidazolium acetate price (5g U$D 124.00, SigmaAldrich). When comparing to amines imidazolium based IL are expensive. Nevertheless, this comparison is estimated based on laboratory-scale syntheses. Support material is obtained from waste and is assumed low cost reducing sorbent costs. Further benefits can include IL/support properties when compared to amines such as low volatility and low solvent loss. Yet, ILs are stable and used in low concentration (10% in weight relative to silica). Obtained CO 2 /CH 4 selectivity value for SIL-Cl sample (~3.0) is higher than those repported in literature under the same pressure and temperature conditions for a metal-organic framework (~2.5) (Yang and Zhong, 2006) .
3.8. Influence of temperature and pressure on CO 2 sorption capacity SIL, SIL-Cl and SIL-OAc were selected to evaluate the influence of temperature and pressure on CO 2 sorption due to CO 2 /CH 4 selectivity performance and low cost when compared to SBA samples. Temperature C at 0.4 MPa) and pressure (0.06-1.5 MPa at 25 C) effect were evaluated in CO 2 sorption capacity ( Fig. 10a and b) . The results shown in Fig. 10a indicated two different behaviors. For SIL and SIL-Cl samples an increase in temperature resulted in a decrease on CO 2 sorption capacity, indicating typical behavior of a physical sorbent. Similar behavior was described in litertura (Bernard et al., 2019; Ye et al., 2012) . For SIL-OAc (Huang et al., 2017b; Ye et al., 2012) . Fig. 10b demonstrated that gas sorption capacity increases with CO 2 partial pressure increses. SIL sample presented higher CO 2 sorption capacity probably associated to larger specific surface area and pore volume (Table 1) . When comparing the performance of immobilized ILs, SIL-OAc presented higher sorption capacity than SIL-Cl, suggesting that CO 2 sorption is occuring by both physical and chemical sorption.
Recycle tests
In order to verify sample stability after successive sorption/desorption cycles, recycle tests were performed in the most interesting sample in relation to CO 2 sorption capacity and, mainly, selectivity and cost. In this sense, sorption/desorption tests were performed in the SIL-Cl sample and the results presented in Fig. 11 . After 10 sorption/desorption cycles, the sorption capacity obtained was almost unchanged thus confirming its stability and reuse.
Conclusions
Two ionic liquids with [bmim] cation were synthesized and immobilized on commercial silica and low-cost silica supports extracted from rice husk. ILs were immobilized on the supports by physical wet impregnation method. The sorbents retained the partial pore characteristics (due to specific surface area and pore volume reduction) directly influencing their sorption capacity. Although CO 2 sorption capacity decreases, CO 2 removal efficiency in the CO 2 /CH 4 mixture (evaluated by the selectivity) improves considerably for samples with immobilized ILs, evidencing the influence of the IL and CO 2 affinity. Supported ILs showed fast sorption kinetics when compared to pure ILs. The results evidenced that IL physical immobilization represents an alternative to separation processes, being SIL-Cl the most interesting combination of support and ionic liquid since high selectivity and low-cost are essential parameters for the development of new materials for natural gas purification.
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